This work presents the cooling effect under minimum quantity cooling lubrication and dry cutting on structural changes and microhardness of the ferritic-pearlitic AISI 1045 steel after turning. Due to the fact that the AISI 1045 steel has a two-phase structure, microhardness tests using the Vickers method were conducted with a load of 0.05 HV separately for ferrite and pearlite grains. The tests showed that cooling of the cutting zone under minimum quantity cooling lubrication (MQCL) condition decreased the depth of the hardened layer compared to dry cutting by approximately 40% for both pearlite and ferrite. Scanning electron microscopy analysis revealed that applying MQCL limits the formation of plastic deformations, among others, by reducing the surface crumple zone by approximately 50% compared to dry cutting. As a result of cooling being applied to the cutting zone using the MQCL method, the average diameter of ferrite grains has been decreased in the entire surface area compared to dry cutting. When using dry cutting, clear structural changes of the surface layer were also observed. This may be the result of sulfide inclusions which have formed, causing microcracks on the edge of the hardened layer and surface deformation visible as notches.
Introduction
Cutting methods significantly affect work efficiency and also considerably affect surface integrity (SI) of the workpiece. These changes are caused by high temperatures in the cutting zone which result in plastic deformation (residual stresses), chemical reactions taking place in the chip-tool interface and changes in the surface layer (microcracks, roughness) ( Ref 1) . The surface of the workpiece after machining is usually resistant to the effect of most stresses occurring during the machining process as well as the effect of many different environmental factors (Ref 2) . However, improperly chosen cutting conditions may lead to reduced efficiency of production. Generally, stresses are influenced by two factors: plastic deformation and changes in the volume of material related to temperature and metallurgic changes in the structure (Ref 3, 4) .
Research concerning the influence of the method of cooling the cutting zone during turning on creating SI is a very important issue, since SI analyzes the condition of the surface layer and its influence on functional and mechanical properties of the machined material (Ref 2) . The most important features of SI are: roughness, microhardness, depth of the surface layer, topography of the surface and chemical composition of the workpiece (Ref 5) . Industrial metrology is a broad field of science, and its proper application allows to obtain quality products .
Metalworking fluids (MWFs) play an important role in machining. Proper choice of MWFs not only increases the accuracy and quality of the machined surface (Ref 10), but also reduces friction in the tool-workpiece contact area (Ref 11) , as well as prevents excessive heat generation by cooling the cutting area (Ref 12) . Flood cooling is the most common cooling method. However, due to social, economic and environmental aspects, research concerning green manufacturing, which is a part of green engineering, is currently ongoing. The purpose of green engineering is to design and utilize production processes which are economical and at the same time minimize generation of pollution at the source as well as dangers to human health and the natural environment (Ref [13] [14] [15] [16] .
The best way to reduce the negative effects of MWFs is to completely eliminate them; this is the so-called dry cutting. However, due to tool life and poor surface quality, methods based on minimum quantity lubrication-MQL (Ref 3, 4, 13, 14, 17, 18)-and minimum quantity cooling lubrication-MQCL ( Ref 9, 18, 19) -are good alternatives. In both these methods, the amount of active medium in the form of aerosol typically does not exceed 50 ml/h ( Ref 4, 18, 20) , while for flood cooling method flow rate of MWFs is over the 500 ml/h ( Ref 20) . In the MQL method, oil is the main active medium (Ref 4, 13, 18) ; hence, its main purpose is to lubricate, while in the MQCL method an emulsion concentrate is usually the main medium, which is why in this method the primary task is to cool the cutting zone and therefore to dissipate as much heat as possible (Ref 12, 21) .
Vast studies of environmentally friendly processes confirmed that compared to dry cutting and flood cooling methods, the MQL and MQCL methods reduce tool wear (Ref 3, 17) , temperature (Ref 13) 25) studied effect of changes in the microstructure of the AISI 1045 steel in the tool-workpiece contact zone on the diffusion wear depending on the variable cutting speed during the turning. Studies have shown that the largest changes in the structure occur above 367 m/min due to dynamic recrystallization. The images obtained by field-emission scanning electron microscopy showed that with the increase in the cutting speed grain size of different phases also increased.
The purpose of this work is to present the effect of cooling conditions of the cutting zone using the MQCL method during the process of turning on microhardness of the AISI 1045 steel. Special attention was paid to deformation of the surface layer and sulfide inclusions forming in dry cutting as well as changes in thickness of the hardened layer depending on the method of cooling.
Experimental Materials and Procedures
The material used in the experiment was AISI 1045 carbon steel. Its chemical composition, mechanical properties and structure are presented in Table 1 . It can be seen that the AISI 1045 steel is a two-phase material composed of pearlite (darker) and ferrite (brighter).
Six percentage EMULGOL-S, an emulsion concentrate based on mineral oil and 94% water, was the active medium in the MQCL method; it was prepared using an electromagnetic stirrer, type ES21H. Lenox 1LN micronizer ( Fig. 1) , with the ability to adjust the emulsion flow (E = 1.4 100 g/h) and the air flow (1.2-5.8 l/min), was the device used to form the emulsion mist (Ref 20) . The micronizer has three nozzles whose diameter changes with the air flow rate. Air and oil are supplied to the nozzles via separate ducts. The rate of the air flow is much higher than that of the emulsion flow, which causes the emulsion to break into small droplets at the nozzle outlet. For each of the cooling methods, three samples were prepared. Parameters of cutting and emulsion mist formation applied during the experiment are based on the industry recommendations and conclusions from the earlier investigations ( Ref 20, 22) and presented in Table 2 .
Microhardness was measured using the Zwick ZHV 10 hardness tester. A Paar MHT-4 Vickers indenter with a load of 50 g during 10 s for all the measurements was used in the test. The sample for microhardness measurement was prepared by cutting out a quarter (Fig. 2-preparing the sample) ; then, a metallographic section was made using an automatic grinder polisher. MD-Piano 220, 600 and 1200 disks were used for grinding. Polishing was performed using MD-DAC disks with DiaDuo diamond suspensions with a granulation of 6 and 3 lm. The metallographic sections were etched using a nitric acid solution in ethanol (Nital).
According to Krolczyk et al. (Ref 22) and Gao et al. (Ref 24) , the structure of the two-phase AISI 1045 steel requires hardness tests at the microscale separately for ferrite and pearlite grains. Microhardness was measured into the machined material along a line perpendicular to the surface being machined (radially). The first point of microhardness measurement was located at the distance of up to 15 lm from the machined surface. The second measurement point was set at the distance from the profile of 25 lm, and subsequent measurements were performed every 50 lm, until the hardness of the core has been reached.
A visualization of individual phases of the experiment is presented in Fig. 2 .
Metallographic tests were performed using a JSM-5600LV scanning electron microscope manufactured by JEOL coupled with an EDS 2000 x-ray microanalyzer manufactured by IXRF. Qualitative analysis of the structure of examined samples was performed on the basis of an image obtained using a secondary electron detector (SEI). For the analysis of structural changes, representative samples have been selected. 
Results and Discussion

Microhardness Analysis
Surface integrity in cutting processes depends on multiple factors, such as tool geometry, cutting parameters, temperature in the tool-workpiece interface and therefore conditions of the cooling of the cutting zone. Some of the heat generated during the cutting process penetrates into the surface layer of the workpiece and therefore has a considerable effect on the physical parameter of surface integrity, that is, on microhardness. Hence, the method of assessing the effect of means of cooling on microhardness of the AISI 1045 two-phase steel is rationally justified.
Microhardness of the surface layer of the AISI 1045 steel for ferrite and pearlite after the turning is presented in Fig. 3 . Obtained values are presented separately for pearlite and ferrite. Pearlite is a stronger strain-hardening phase compared to ferrite.
Obtained values of microhardness in the surface layer (Fig. 3) indicate that the hardness of the surface after dry cutting is greater than that of the surface under MQCL cooling. For top layer under dry cutting, the hardness of pearlite was 419 HV0.05 and the hardness of ferrite was 357 HV0.05, whereas when the MQCL method was used, the hardness of pearlite grains was approximately 342 HV0.05 and the hardness of ferrite grains was 321 HV0.05. When examining the cooling conditions of the cutting zone, it was noticed that cooling using an emulsion mist (MQCL) has a greater effect on decreased hardness of pearlite grains; the difference in hardness between the cooling conditions under consideration in the top layer was 18.3% for pearlite and 10% for ferrite. Under dry cutting condition, it was observed that the hardness of the core was only reached at the depth of 500 lm, whereas for the MQCL method it was reached after only 300 lm.
The differences between the hardness values in the top layer and in the core can be explained on the basis of three fundamental mechanisms. The first of those is the effect of temperature in the cutting zone for both examined conditions of turning. Intense temperature gradient of the tool-workpiece interface causes phase changes in the workpiece and therefore an increase in hardness. Reactions linked to the environment, such as oxidation or nitrification, which occur on the surface being machined during the cutting process, constitute a second mechanism. Plastic deformations are a third mechanism; they result in changes of the size of the grains and their recrystallization (Ref 26, 27 ).
Analysis of the Structural Changes
Tests of the metallographic cross-sections samples of the AISI 1045 steel after dry turning and MQCL method performed using a scanning electron microscope are presented in Fig. 4 , along with images after binarization.
Considerable differences in the microstructure of the top layer under applied cutting conditions were observed. In both cases, an occurrence of two zones different from the image of the materialÕs core was noted. Plastically deformed hardened layer forms the first zone, while the coarse-grained structure of steel forms the second. It was found that the hardened layer of the sample subjected to dry turning reaches 14 lm into the (Fig. 4a) and is over twice the size of an analogous zone occurring under cooling with MQCL method (Fig. 4b) . The coarse-grained structure of the second zone is particularly visible in the sample subjected to dry turning. In this case (Fig. 4a) , pearlite occurs as coarse-grained conglomerates arranged in bands. Pearlite grains in this zone in the second sample subjected to turning under cooling using the MQCL method are also characterized by larger size (Fig. 4b ) in relation to the core (Fig. 4c) ; however, their structure is more dense. A similar situation occurs in case of ferrite located in the second zone, whose grains are much larger and fewer in the sample subjected to dry turning. Greater thickness of the hardened layer in the sample subjected to dry turning, up to 14 lm into the material, is a result of the plasticization of the workpiece due to increased temperature in the cutting zone. Coarse-grained structure of pearlite and lower amount of ferrite observed in the sample subjected to dry turning confirms the occurrence of a much higher cutting temperature compared to MQCL.
The average diameter of the ferrite grains for various surface integrity zones depending on the method of cooling is presented in Table 3 . Study of images after binarization revealed that the percentage of pearlite and ferrite in the core is equal to 63 and 37%, respectively. Similar ratios were found when assessing the images of zone II for dry turning and turning using MQCL. The ratio of pearlite and ferrite for SI designated as zone II in Fig. 4 has changed; for both methods of cooling, the pearlite/ferrite ratio was found to be 50/50%.
When analyzing the average diameter values of ferrite grains from Table 3 , it was found that under cooling using the MQCL method, ferrite grains are approximately 18% smaller in zone II and approximately 32.5% smaller in crumple zone I compared to dry machining. During microscopic examinations, the occurrence of other adverse phenomena in the surface layer of the sample subjected to dry turning, such as cracks, elongated sulfides or notches, was observed. Figure 5 (a) presents an example microzone where a crack on the edge between zones 1 and 2 was found. It was also determined that microcracks also occur within the hardened layer (Fig. 5b) . This phenomenon may be due to plastic strain of surface layer as a result of the higher temperature in dry cutting process than in MQCL conditions. Nonmetallic inclusions contained in the material are extended (especially sulfide inclusions during hot deformation) and are arranged along the direction of the greatest deformation in a manner reminiscent of the grains.
It was determined that, beyond the formation of a thick hardened layer as well as microfractures, local deformation of the machined surface ( Fig. 5a and c) may also occur. Figure 5(c) presents an example effect of this phenomenon-a characteristic notch visible on the cross section of the sample. Over ten such characteristic places were found all along the sample.
Moreover, it was also found that the propagation of microfractures may be caused by sulfides with an adverse, elongated shape (Fig. 6) . Such sulfide inclusions can be found on the edge of zones I and II, and their highest concentration was observed under dry cutting. 
Conclusions
In this research, microhardness and changes in microstructure in the surface layer appearing as microcracks, sulfide inclusions and deformations of the surface of the AISI 1045 steel after turning under various conditions of cooling were compared. Results of the experiment are summarized and presented below:
1. Microhardness distribution on the surface of the sample under cooling using the MQCL method was more uniform compared to dry machining. In the surface layer, microhardness under cooling using an emulsion mist was approximately 10% lower for ferrite and approximately 18.3% lower for pearlite. Using the MQCL method, the depth of the core was reached after only 300 lm, which happened after approximately 500 lm for dry machining. 2. Microstructure analysis showed that under dry machining the crumple zone is twice as big due to plastic deformations compared to cooling using the MQCL method and is equal to 15.4 lm versus 7.4 lm, respectively. 3. Under dry machining, microcracks were found beyond the crumple zone as well as within it. Scanning electron microscopy (SEM) analysis indicates the possibility of sulfide inclusions forming in them. 4. The sample subjected to dry turning showed numerous deformations of the machined surface compared to the sample under cooling using the MQCL method, which confirms the appropriateness of using MQCL to finish machining. 5. Under MQCL cooling, smaller ferrite grains in the entire surface layer were obtained compared to dry machining.
Open Access
This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
